Hierarchical nanostructures: Theophylline-derived poly(ionic liquids) were cross-linked by silver-carbene cross-linking to create nanogels with controllable properties and shape, including small nanogels and large "galaxy-like" super structures (see figure) .
The marriage between NHC and ionic liquid chemistry [ 11 has expanded the chemical toolbox for new applications, including organic transformations,[ 2 1 C0 2 capture, [31 catalysis,[41 and some others [51 In these reported examples, the properties of imidazolium salts and their carbene forming properties were simultaneously harnessed. For material science applications, it is beneficial to transfer these approaches to polymeric systems such as poly(ionic liquids) (Pils), as they provide greater mechanical stability, ease of handling and processing, and the ability to design macromolecular architectures to fine tune their use.[5b· 61 In a similar sense, transferring small-molecule NHC chemistry to their polymer counterparts is also a key step towards their exploitation, including the attachment of small molecules, [? ] Previously we demonstrated that the carbene-forming properties of triazolium-based Plls helps to produce highly dispersed, catalytically active metal clusters and hints towards the significant role PIL-NHC hybrids have in their fabricationP 71 Despite these investigations, there are no comprehensive reports outlining the synthesis and structure of PIL-NHC hybrid materials. Through the combined effects of the PIL and NHCs, greater levels of stability/chelation on both the atomic and nanometer scales may be achieved for the development of high performing and reusable catalysts. Such is the case for the iron based catalyst by Driess et a/.,[ 181 where the chelating NHC ligand allows for the unusually high stabilization and synthesis of an 1"] 6 -arene iron(O) complex for the catalytic reduction of amines. Previously we have demonstrated that the hydrogen evolution reaction is enhanced when using atomically-dispersed silver in a carbon-nitride matrix and further illustrates the need for designing new, single-atom stabilized systems. [ 1 91 In the present paper, we explore an approach to evenly disperse covalently bound silver ions within a PIL/NHC nanogel though silver-carbene crosslinking. Using a theophylline-derived PIL rather than a small-molecule for NHC formation,[ 2 01 the polymer chains become crosslinked through a silver bridge which simultaneously constitute the self-stabilized metai/NHC/PIL nanogels. The crosslinking step promotes the formation of surprisingly well-defined, spherical nanogels whose size and physical properties could be tuned depending on the reaction conditions. The internal structure of these materials was elucidated using high-resolution TEM and XPS, showing for the first time individually stabilized silver ions within such a polymer matrix, providing direct evidence for the effectiveness of this approach for metal stabilization. Core/shell structures of the silver nanoparticle/PIL-NHC hybrid were also observed and provides insight into the formation mechanism of these unique materials.
The theophylline derived polymer was synthesized according to a literature procedure [ 2 01 Briefly, theophylline was combined with 4-vinylbenzyl chloride and NaH in DMSO to attach the polymerizable group, followed by quaternization using MeOTf, and free-radical polymerization to create the final polymer ( Figure 1 ). Our choice for using theophylline as our substrate was motivated by its biological origin, but also by its known carbene chemistry,[ 21 1 creating rather stable silver carbenes under ambient conditions. This provides entry to a more green synthetic approach for such cationic polyelectrolytes and poly NHCs. Ag 2 0 acts not only as a silver source, but also as a base which deprotonates the imidazolium. l 1 21 · 22 1 The resulting Ag-NHC bond that is formed is a result of the strong a-donor character of the NHC lone pair with some backbonding contribution from the silver atomY31 Figure 1 . Synthesis of Ag-NHCs from the theophylline-derived monomer to form a dimer, and from the theophylline-derived poly(ionic liquid) to create crosslinked silver/NHC/PIL.
Computational studies conducted by Meyer and Frenking et. al determined that a-donation to the metal center is dominant, but not exclusive [ 24 1 For a variety of group 11 metal NHC complexes, metai-NHC n-backbonding interactions contribute a small amount (-15-30%) of the complexs' orbital interaction energies, with variation depending on the metal. They found that copper tended to undergo greater, n-backbonding with respect to both Au and Ag_ l2 4 •1 With regards to the NHC structure, n backbonding contributions are increased by the use of highly . . 12 51 Th conjugated NHCs, such as those denved from caffetne. e overall lower contribution of n-backbonding from the metal in NHC complexes is in part a result of significant n-donation from the nitrogen atoms in to the empty p,.-orbital (also referred to as Pn, the out-of-plane orbital) of the carbene. In the case of Ag•, a donation from the NHC is to the empty 5s orbital, while n-. . [ 26] backbonding proceeds from a filled 4d orbital to PnDepending on the anion, a variety of bonding motifs have been observed, i 121 · 27 1 including dimers when non-coordinating anions (OTf, BF 4 -, PF 6 -) are present [ 28 1 Given the triflate anion in the monomer, we would expect the formation of a dimer similar to reported compounds (Figure 1, left) . 12 91 Upon treatment of the monomer with excess Ag 2 0 in MeCN (24 hr), we observed a decrease in the intensity of the C8 proton (RN(CH)NR, o = 9. 44) and an upfield shift for the aryl protons (o = 7.50-7.20).
Integration of the C8 proton relative to the olefin and methyl signals (o = 6.67 and 4.16 respectively) revealed that the reaction proceeded for the monomer nearly to completion (95%), and that the polymerizable groups remained intact with no other byproducts ( Figure S 1 ) . The reaction was also carried out in deuterated acetonitrile to examine whether a stable acetonitrile complex was formed as a major product ( Figure S2 ). In such case, we would expect a strong resonance at o = -2.0, however there is little evidence for its formation as a major or stable product. This is also accompanied by the appearance of a resonance at o = 187. 8 in the 13 C{ 1 H} NMR spectrum which is attributed to the Ag-C carbon, consistent with the formation of other caffeine-derived Ag-NHC dimers ( Figure S3 top and S4, top). 12 9 bl Work by Hahn et. a/ also shows that the dimer product is likely to form in acetonitrile solutions by harnessing the dimer structure for a [2+2] cyclization, which can only occur in the dimerized Ag-NHC complex [301 Mass spectrometry analysis of the compound further confirms the presence of the dimer with the isotope distribution consistent with calculated spectra ( Figure  S5 and S6). While this dimer was not stable (silver precipitate was observed after 24 hr), this does confirm these theophylline derived units may undergo dimerization. The lack of stability may be a result of insufficient steric protection at the nitrogen positions or the presence of reactive/autopolmyerizable alkene groups that can reduce silver, which in the latter would be eliminated in the PIL. i 311 We then treated the PIL with Ag 2 0 using a variety of conditions, including different stoichiometry and concentrations to determine silver uptake and properties (Table  1 ) . After stirring for 5 hr, the solutions were filtered, solvent removed in vacuo, and an off-white powder was isolated for A-C and a slightly purple powder for D. This material did not change color when in storage, unlike the dimer. Analysis of D by 1 H NMR spectroscopy ( Figure S7 ) revealed significant broadening of the signals after reaction with silver, and the retention of some of the C8 proton after reaction. Broadening of the resonances is indicative of crosslinking and/or aggregation of polymers resulting from an increase in restricted mobility of the polymer. Longer reaction times between the PIL and Ag 2 0 resulted in complete disappearance of the C8 proton signal and even greater broadening ( Figure S8 ). Like in the dimer, this is also accompanied by the appearance of a resonance at o = 187.3
(Ag-C) in the 13 C{ 1 H} NMR spectrum providing direct evidence for the formation of the Ag-NHC in the PIL ( Figure S3 bottom and S4 bottom). While it is possible that dissolved silver ions may aggregate the PIL through interactions between the nitrogen atoms and/or alkenes present in the PIL, we found that the addition of AgOTf, a silver reagent that cannot promote the formation of an NHC, does not result in any broadening of the resonances in the 1 H NMR spectrum ( Figure S9 ). This control experiment provides supporting evidence that the observed broadening of the PIL upon Ag 2 0 treatment is primarily a result of Ag-NHC crosslinking and the chemistry thereafter, and to a lesser degree, aggregation/flocculation of the PIL by dissolved silver ions. Furthermore, the formation of an NHC between a PIL and metal is supported by the recent work of Yuan et. a/ where PILs containing both nitrogen atoms and alkenes undergo NHC formation [ 171 Analysis using energy-dispersive X-ray spectroscopy (EDX) revealed that silver uptake increased with higher concentrations and added Ag 2 0, ranging from 0. 8 to 9.1 wt% ( Table 1 ) , and that an even distribution of silver through the polymer was present (Figure S1 0) . In this silver content range, a combination of NHCs and the native cationic monomer units should remain. This is observed in the 1 H NMR spectrum ( Figure  S7 ), thus supporting forming the silver/NHC/PIL hybrid nanogel (Figure 1, right) .
To further understand the silver/NHC/PIL nanogel structure, we measured the averaged hydrodynamic radius <RH> and averaged gyration radius <RG> by DLS and SLS, which provides information related to these materials in solution (Table 1 ) . From A to C, both the averaged hydrodynamic radius <RH> and averaged gyration radius <RG> became smaller, indicating that increased crosslinking occurred with greater silver incorporation. D in contrast displayed very high values, which indicates that higher concentrations facilitate greater interpolymeric crosslinking and/or aggregation between the PIL chains. The larger p-ratio for A-C indicates that the polymer chains inside the particle are very loose and possess an extended morphology, however the decreasing p-ratio from A to ------------------------- the data of these species it was not possible to achieve an --------------------------.e cceptable fit for the respective measured XPS spectra. Therefore we added a 4th peak (Ag 3dst 2 368.47 eV; Ag 3d 3 1 2 374.46 eV) and with these 4 peaks we obtained fits with high Abbe criterions for all spectra with the same peak positions. The peak for Ag0 is expected for 368.2 eV,[331 but it was shown before, that for small metal particles and cluster the binding energies in XPS analysis are shifted to higher eV compared to --------------------------"th e bulk metal.[3 4 1 Therefore we believe that this peak belongs to
[a] 25 mg of polymer was used for sample preparation. [b] <RH> average Ago and assigned the peak accordingly (Table S1 S2 Figure S16-S19). The TEM Images, XPS data, and the strong C indicates that the particle is becoming more compact. This can be explained by an increase in intrapolymeric crosslinking reactions between silver and polymer within the nanogel, resulting in the formation of more spherical crosslinked particles. Given the over 7-fold increase in silver content from A-C (0.84 to 5.8 wt%), higher degrees of crosslinking between polymer chains is expected. For sample D, we observed a significant increase in both <RH> and <RG>, however the p-ratio was lowest of all at 0.94, indicating the formation of large, dense materials. While performing the reaction at a higher concentration promotes interpolymeric crosslinking reactions, internanogel crosslinking should also be promoted, and create larger structures with a more localized, dense architecture. As supporting evidence, we measured the sedimentation behavior of these materials ( Figure S11 ). We found that from the pure polymer to sample D, the sedimentation coefficient increased, indicating that the produced materials are becoming denser and/or larger, thus supporting these data. The indirect probing method of light scattering techniques begs the question of the true nature and fine structure of these nanogels. Using high-resolution TEM, we examined samples A D and found that the internal structures of the nanogels vary. In all cases, we clearly observed well-defined, individual silver species throughout the silver/NHC/PIL nanogel structures (Figure 2 ). For A-C, the silver is evenly dispersed within the nanogels in a random fashion, and in very close proximity to each other, with nanogels in A (Figure 2a and Figure S12 ) appearing to be more diffuse than B or C (Figure 2b , Figure S13 and Figure 2c , Figure S10 ). In contrast to this, D displayed completely different features with large, "galaxy-like", hierarchical superstructures of -150 nm in diameter, possessing a dense center -50 nm in size (Figure 2d and Figure S 15 ). Magnification of the periphery revealed particles possessing a core-shell type structure (Figure 2e) , where the core appears to contain crystallized silver atoms surrounded by a halo of silver/NHC/PIL material of similar quality to what is observed in B and C. Figure 2f shows the atomic structure of one of the crystalline cores. The hexagonal arrangement of the atomic color and broad UV-vis spectral features ( Figure S20 ) observed for D support the presence of metallic silver nanoparticles of broad size distribution and/or aggregation. The mechanism of formation for the observed nanogels here may be explained by several contributing factors. On one hand, we showed earlier that crosslinking between PIL chains by Ag-NHCs explains, in part, how the PIL chains may aggregate. However, the presence of silver nanoparticles within solution and their interactions with the PIL (crosslinked or not) should also result in aggregation/flocculation processes by adsorption of PIL on to the surface of these nanoparticles. This model has been demonstrated by Cabane, where polymer can adsorb on to particle surfaces resulting in aggregation.[351 While it is not possible to say here which of these two processes dominate, the observed structures are likely a combination of these two effects. XPS results show that a decrease in the amount of Ag-NHC in the polymer is accompanied by an increase in the amount of Ag0, indicating that perhaps silver from the Ag-NHC complex convert to Ag0; although this evidence is not conclusive. Silver particles that do form would also preferentially adsorb silver ions from solution (either as AgOTf or from the Ag-NHC) and undergo further growth. With these two mechanisms in mind, we propose a model for the creation of the observed structures (Figure 2g ). In the first stages, the Plls are crosslinked by the formation of Ag-NHC complexes between the chains to form nanogels. Silver nanoparticles formed either from 1) the Ag-NHC within the crosslinked polymer, or 2) from dissolved silver ions in solution, are then adsorbed by the PIL. These silver nanoparticles undergo growth by incorporating silver either from the Ag-NHCs or by adsorbing dissolved silver ions on to its surface. Such structures then grow by a combination of Ag-NHC crosslinking and aggregation/flocculation to create large structures observed here. Aggregation of the silver nanoparticles in D appears to be greater, with a strong, broad absorbance at 425 nm in the UV vis spectrum, typical of metallic silver nanoparticles ( Figure S20 ). Meanwhile a weaker absorbance was noticed for A-C, indicating that this process is not dominant in the latter [3 2 · 361 While the exact reduction mechanism is not known here, silver ions do oxidize a variety organic molecules such as acetone and DMF, among others to varying degrees [3 71 ( % In conclusion, a theophylline-derived PIL was reacted with silver oxide to form stabilized nanogels through a carbene crosslinking reaction. These silver/NHC/PIL nanogels were colloidally stable and capable of covalently immobilizing single silver ions within its structure. Systematic changes in the nanogel topology using DLS, SLS and AUC were found, from loosely to highly crosslinked silver/NHC/PIL hybrids, to large superstructures containing silver nanoparticles. The formation of these structures is a result of both Ag-NHC crosslinking and aggregation by PIL on the surface of the silver nanoparticles, with structural variations depending on initial reaction parameters. At high silver loading, hierarchical nanostructures were observed containing metallic silver particles comprised of a dense center-mass. These observations demonstrated the dynamic behavior of these systems and the unique behavior of combining NHC with PIL chemistry. To our knowledge, this is the first example where the density of silver ions within a confined space can be related to the cluster/nanoparticle forming properties. Furthermore the ability to create stable colloids containing highly immobilized single metal ions, such as silver which can be used as a transmetallation reagent, will be of interest for catalysis application where both high stability and accessibility is required.
Experimental Section
All experimental details are compiled in the Supporting Information.
